Small and declining populations of large mammals are vulnerable to stochastic events and can be at high risk of extinction. Population viability is also susceptible to the detrimental effects of low genetic diversity and inbreeding. The objective of this study was to do an assessment of three endangered caribou subpopulations using non-invasive genetic sampling to assess demographic population changes by combining capture-recapture modeling, familial pedigree networks, individual fitness and inbreeding coefficients. Three subpopulations of the Central Mountain caribou ecotype (Rangifer tarandus caribou) in Jasper National Park, Canada, were systematically surveyed over a 10-year period and fecal samples collected for DNA analyses. For the Tonquin, population size declined at a rate of 0.86 (95% CI 0.82, 0.91), the number of females decreased from 41 in 2006 to only 14 in 2015. The Brazeau and Maligne subpopulations also declined over the same period, from 22 to 11 individuals (11 and 5 females) in 2006, to 12 and 3 individuals (6 and 1 females) in 2015. The pedigree network confirmed limited interbreeding among subpopulations, varied fitness levels in both males and females, and evidence of inbreeding avoidance among high-fitness individuals. All population parameters pointed to a rapid population decline and low population sizes, putting them at high risk of extinction. The varying reproductive fitness observed amongst males and females was significant and should be considered in future population augmentation or reintroduction efforts. Improved connectivity among and with neighbouring subpopulations should also be considered to sustain or enhance genetic diversity. Crown
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Introduction
The persistence of small populations is tightly linked to genetic, demographic, and environmental stochastic processes (Robert et al., 2004) . Demographic stochasticity caused by chance realizations of individual probabilities of birth and death events can negatively impact small populations (Leigh, 1981) , while environmental stochasticity and catastrophes threaten both large and small populations, with the probability of extirpation increasing as population size decreases (Lande, 1993; Robert et al., 2004) . Populations are also demographically heterogeneous, with individuals varying in survival and reproduction (Kendall et al., 2011) . Most structured population models incorporate some heterogeneity due to age, size, or major developmental stages (Kendall et al., 2011) , but there are many other meaningful sources of demographic heterogeneity, including genetic variation (Gerdes et al., 2000; Isberg et al., 2006) , conditions during early development (Loison et al., 1996) , persistent social rank (von Holst et al., 2002) , spatial habitat heterogeneity (Franklin et al., 2000; Manolis et al., 2002) , and maternal effects (Fox et al., 2006) . Spatial and temporal environmental variations result in phenotypic differences in individuals, and individuals may vary in their intrinsic vigor and fecundity (Kendall and Fox, 2002) . While environmental influences on a genetic background can facilitate variance in fitness, more targeted genetic processes can also influence a reduction in fitness. Inbreeding can have deleterious effects on offspring fitness (Frankham et al., 2002) , and inbreeding avoidance through female mate choice based on relatedness recognition has been suggested in several vertebrate mating systems (Pusey and Wolf, 1996) . However, Holand et al. (2007) showed that inbreeding avoidance did not occur in small herds of captive reindeer (Rangifer tarandus tarandus).
The objective of this study was to do an assessment of three endangered Central Mountain caribou (R.t. caribou) subpopulations in Jasper National Park, Canada, assessing demographic population changes by combining capture-recapture modeling, pedigree networks, individual fitness, and inbreeding coefficients. Caribou subpopulations within Jasper National Park (Jasper hereafter) are part of the Central Mountain Designatable Unit (DU) and listed as threatened under the federal Species at Risk Act (COSEWIC, 2011; Environment Canada, 2012) . The Committee on the Status of Endangered Wildlife in Canada (COSEWIC, 2014) recently recommended for endangered status due to declines of over 60% during the past three generations, and the extirpation of two subpopulations. The Central Mountain DU includes subpopulations of caribou in eastcentral British Columbia and west-central Alberta in and around the Rocky Mountains; our study subpopulations are the three subpopulations within Jasper (Tonquin, Maligne and Brazeau). DeCesare et al. (2010) suggested that without management intervention, the Brazeau and Maligne subpopulations were likely to be extirpated within the next 16 years. Since caribou translocation to Jasper is being examined (DeCesare et al., 2010) as the preferred management option, detailed population and genetic parameters are critical in supporting decisions.
Although information on population size, trend and genetic variability is difficult to obtain when studying wild populations of large mammals that are elusive and found in low densities, the use of non-invasive genetic sampling is offering new possibilities, including detailed population parameters and genetic variability. Non-invasively collected genetic samples have been used in capture-recapture (CR) analysis (Taberlet et al., 1996) , as well as the study of direct familial relationships between individuals based on genotypes (Cope et al., 2014; Pemberton, 2008) . Microsatellite markers are well-suited for the study of familial relationships, as they provide highly polymorphic, heritable genetic identity data for individuals. Combined with appropriate statistical techniques, microsatellites can infer parentage or sibling relationships among individuals (Cope et al., 2014; Pemberton, 2008; Selkoe and Toonen, 2006) . We used non-invasive genetic sampling over a 10-year period (2006e2015) to estimate sex-specific population sizes (N c ), growth rates (l), population recruitment (f), survival rates (4), as well as genetic diversity and fitness measures derived from familial pedigree networks. The method and results produced in this study should also more broadly inform the management of small declining caribou populations in other regions.
Materials and methods

DNA sampling
Fecal samples were collected from the Tonquin, Maligne, and Brazeau subpopulations in Jasper National Park (52 23 0 e52 84 0 N, 116 81 0 e118 45 W), Alberta, Canada during ten consecutive winters, from 2006 to 2015. Two to three fecal pellet surveys occurred each year between October and January for a total of 22 sampling occasions. Alpine caribou habitat was surveyed following similar contour lines on each occasion. Surveys were timed to coincide with the first snow falls and before the animals moved below the treeline. Fecal pellets were placed in sterile bags and all samples were kept frozen at À20 C until DNA extraction was performed.
DNA analyses
Ten polymorphic microsatellite loci were used (RT5, RT6, RT7, RT9, RT24, RT30, Map2C, BM848, BM888, BMS1788; Bishop et al., 1994; Cronin et al., 2005; Wilson et al., 1997) along with caribou-specific Zfx/Zfy primers for sex identification. An additional 8 loci were used for familial pedigree networks to ensure accurate estimates (BM4513, BM6506, FCB193, NVHRT16, OHEQ, RT1, RT13, RT27; Jones et al., 2000; Røed and Midthjell, 1998; Stone et al., 1995) . DNA was extracted by removing the mucosal layer of cells coating the fecal pellets and followed the extraction protocol outlined in Ball et al. (2007) . Microsatellite alleles were scored with the program GeneMarker ® (SoftGenetics, State College, PA) and followed a protocol documented in Flasko et al. (2017) . Unique individuals were identified using the program ALLELEMATCH (Galpern et al., 2012) .
Microsatellite variation
The program GenAlEx (Peakall and Smouse, 2012) was used to determine the number of alleles, the effective number of alleles (number required to reach an expected level of genetic diversity), and the expected (H E ) and observed (H O ) heterozygosity for 18 loci throughout the study period. Deviation from Hardy-Weinberg equilibrium (HWE) at each locus and subpopulation was assessed using GenAlEx, and a sequential Bonferroni correction was applied to correct for multiple nominal tests (Rice, 1989) . FSTAT (Goudet, 1995) was used to calculate F IS values. The first year of the study period (2006) and the last year (2015) were compared to determine changes in mean number of alleles, effective number of alleles, H E and H O .
Capture-recapture modeling
Minimum-count surveys were completed for Brazeau and Maligne, as their population sizes were too small to justify capture-recapture (CR) analysis. The population size of the Tonquin subpopulation was estimated with CR analysis in program MARK (White and Burnham, 1999) . The sex of each animal was designated using a sex-specific genetic marker, so that parameters could be separated by sex using the group features of MARK. The CR analyses were performed using robust design (RD) modeling (Pollock, 1982) , which combines features of both closed and open population models into a single model consisting of K primary periods (years) with each primary period having at least 2 secondary samples (within-year surveys). The population was assumed to be closed to migration from the first sampling occasion to the last occasion within a primary period: i.e. from the first sampling event in October of each year to the second (third in some years) sampling period that occurred two to four weeks later. The model was open to gains and losses from the last sampling occasion (November/ December) to the first sampling occasion in the next year to account for annual natality and mortality. We used the closed capture models of Otis et al. (1978) as implemented in MARK for the secondary period estimates. These models assume that each animal has the same probability of capture on any given sampling occasion, but capture probabilities are allowed to vary among sampling occasions and with sex (Williams et al., 2002) . Captures were assumed to be independent within and between sample times.
Population demographic metrics for the open primary intervals, including survival (4), population rate of change (l), and recruitment (f), were estimated in program MARK using Pradel models (Pradel, 1996) for the open intervals. Survival (4 i ) is the probability that an individual, alive at the end of the surveys in year i, is alive and available for capture in the year iþ1 surveys. The RD models assume that survival is independent for all animals in a group at time i, but survival rates can vary with time (i) or group (sex). Recruitment (f i ) is the ratio of new animals in the population at year iþ1 (i.e. including births or immigration into the population from the previous year's (i) sampling period) relative to the initial population N i . The population rate of change is the ratio of next year's abundance to this year's and is a function of both 4 and f (l i ¼ 4 i f i ), indicating whether populations are increasing (l > 1), decreasing (l < 1), or stable (l ¼ 1). MARK normalises these rates to annual rates to permit meaningful testing of time effects.
Model notation and methods of fitting, selection and testing were performed using AIC c (Akaike Information Criterion corrected for sample size; Akaike, 1973) and likelihood ratio tests (LRT) are similar to those used in Hettinga et al. (2012) . Details are presented in the Supporting Information.
Age-class determination
Fecal pellet weight and hormone analyses were used to determine the age-classes of animals sampled in the Tonquin, Maligne and Brazeau subpopulations. Hormone extraction and analysis from fecal pellets followed the protocol outlined in Flasko et al. (2017) . Also following Flasko et al. (2017) , individuals were assigned to a calf or adult age-class, based on fecal pellet dry weight, testosterone [males] and pregnane levels [females]. In summary, a subset of the samples (N ¼ 672) were first used and categorized into putative calves or adults based on the capture history in order to determine the age thresholds. The threshold level between age-classes was set as the calf mean þ two standard deviations for all three variables (Fig. A.1 and Fig. A.2) . Pellets from the first occasion an individual was observed in the capture history were then analysed and classified as calf if both values were below the threshold and as adult if both values were above the threshold. In a few cases where both values were not above and below the threshold, samples were examined individually and assigned an age-class based on additional information derived from the capture history. For samples identified as calves, we also used the year the calf was born in the parentage analysis.
Parentage analysis
Parentage and relatedness were assessed using 18 microsatellite loci and excluding genotypes with more than 2 missing loci. Program FRANz (Riester et al., 2009 ) was used for parentage assignment, and COLONY 2.0 (Jones and Wang, 2010) was used for inferring sibling relationships and identifying parental genotypes of non-sampled individuals. The age of first possible reproduction was set at 3 years for both sexes, as caribou can breed as young as 3 years of age (Adams and Dale, 1998; Eloranta and Nieminen, 1986) . Including age of individuals (estimated by fecal pellet dry weight and hormone content per pellet) prior to parentage analysis ensured that calves were not included as potential parents. COLONY uses maximum likelihood methods to determine sibling relationships (full-siblings or half-siblings) even if the mother and/or father were not sampled. The analysis was set up to allow polygamous mating in both sexes, the full-likelihood model was selected at medium precision, and a sibship prior was not set. Only parent-offspring and sibling relationships that had a probability of !0.9 were included in subsequent analyses.
Results
DNA analyses
A total of 2311 samples from the Tonquin, Brazeau, and Maligne subpopulations were collected from 2006 to 2015 and 2159 (93.4%) were successfully genotyped and scored (Tables A.1-A.4) . A total of 232 unique individuals were recovered, of which there were 118 females, 108 males, and 6 unknown sex. Seventy-two percent of the individuals were captured on multiple occasions (>1), with two individuals captured during 15 separate sampling occasions (out of a possible 22 sampling occasions) over a period of 10 years (Fig. A.3) . The number of animals captured and recaptured at each sampling occasion is reported in Table A.1.
Estimates of population size & demographics
Over 30 models were fit for various combinations of group and time effects on survival (4), population rate of change (l), and capture probability (p) for the Tonquin subpopulation (Table A .5). There was strong evidence that 4 and l varied with time but neither differed much between sexes (Table A.5). There was weak evidence of a log-additive effect of sex on l (i.e. they were in constant ratio over time) with males having a slightly higher l. There was no support for time or group restrictions on the capture rates (see Supporting Information for details).
The largest population size for the Tonquin subpopulation was estimated in 2008 (derived from Model 1: N c ¼ 87 [95% CI 72, 102]; Table A .6-S7) and dropped substantially during the study period to a low of 26 (95% CI 26, 26) in 2015 (Table A. 6; Fig. A.4 ). Abundance estimates peaked in 2008 with a female N c of 48 that dropped to 14 individuals in 2015, and a male N c of 38 in 2008 dropping to 12 in 2015 (Table A.7; Fig. A.4) . Population rate of change (l) generally declined during the study period, except for between 2006 and 2008, and 2012 which appears to be an outlier and was probably spurious (Fig. 1) . During the October field survey of 2012, lack of snow cover followed by severe winter weather delayed the survey until after the rut, which led to a lower capture rate and the likely spuriously inflated lambda between 2012 and 2013. In 2009, 2011 and 2013e2014, l was significantly <1 (Table A. Survival estimates followed a decreasing trend from the beginning to the end of the study period starting with survival rates of over 80% in 2006 and 2007 and declining to rates in the 55e60% range in later years (2013e2014) (Table A.10; Fig. 1;  Fig. A.6 ). The recruitment rate ( Fig. 1 ; Table A .6) varied between years with a low of 0.08 (95% CI 0.03, 0.19) in 2009 and a high of 0.58 (95% CI 0.20, 0.88) in 2012, with an average of 0.19 for females or 0.17 when excluding the anomalous peak in 2012.
Minimum-count surveys were conducted for Brazeau and Maligne subpopulations from 2006 to 2015 and also suggested declining trends. The Brazeau counts declined from 22 individuals in 2006 to 12 in 2015, with 2011 and 2014 having the lowest counts of only 6 individuals (Table A.8; Fig. 2 ). The Maligne counts declined from 11 individuals in 2006 to only 2 and 3 individuals in 2014 and 2015 respectively (Table A.8).
Parentage analysis
Parentage analysis was completed using the 232 unique genotypes collected between 2006 and 2015 on the Tonquin, Maligne and Brazeau subpopulations. The program COLONY inferred additional females and males whose samples were not collected during the surveys, for a total of 299 individuals. Most inferred individuals were parents of individuals who were captured in the first years of sampling. Most non-inferred parents (33 females and 24 males) produced 1 or 2 offspring (Table A.9; Fig. 3) . A small number of females had higher reproductive fitness levels; one Tonquin female and one Brazeau female produced 7 offspring (Fig. A.7 and Fig. A.8) , 4 Tonquin females produced 6 offspring each (Fig. A.7) , and 5 females (including one inferred female) produced 5 offspring each.
The males also presented different reproductive productivity; 3 Tonquin males produced 16, 13, and 10 offspring each (Fig. 3) , 1 Maligne and 1 Brazeau male produced 7 offspring each. One Maligne male dominated the reproductive output of this subpopulation, producing 7 out of 8 offspring (Fig. A.9) . The Tonquin male that produced 13 offspring was detected at the beginning of the study (2006) and was likely present in the years before the study began. A large proportion of the individuals did not have offspring that survived or were detected in the fall survey (Fig. 3, Table A.9) . Half of the individuals (48% of males and 50% of females) were only detected in one year during the 10-year study period, with 71% of the males and 68% of the females being calves (Fig. A.10) . However, the remaining individuals with no offspring were detected in more than one year, with 8 males and 5 females detected over a 4-year span (Fig. A.10) .
Across the Brazeau, Maligne and Tonquin subpopulations, we found 21 full-sibling relationships and 751 half-sibling relationships (Fig. A.11) . Thirteen full-siblings were fathered by higher fitness males (higher fitness individuals being defined as having more than 4 offspring). Four full-sibling relationships occurred between two Maligne high fitness individuals (Fig. 4) . When considering full-and half-sibling relationships together, there was a maximum of 18 and a median of 3 sibling relationships per individual. Based on the pedigree network results, breeding between subpopulations only occurred on two occasions with one Tonquin male and an inferred female producing a Maligne offspring, and one Tonquin female and an inferred male producing a Maligne offspring (Fig. A.12; Fig. A.7-A.9 ).
Genetic diversity, inbreeding coefficients
Genetic diversity decreased across all three subpopulations between 2006 and 2015. In the Tonquin subpopulation, the number of alleles ranged from 5 to 10 (Table A. and 2015 (Table A .11). In the Maligne subpopulation, number of alleles ranged from 4 to 9 (Table A. 10), and the average number of allele decreased from 5.9 to 2.3 over the 10-year period (Table A .12) which was not surprising given the population counts went from 11 to 3 caribou. In the Brazeau subpopulation, number of alleles ranged from 3 to 7 ( As a proxy for fitness, deviations from Hardy-Weinberg equilibrium (HWE) and the inbreeding coefficient (F IS ) were examined in individuals with and without offspring. All 18 loci were in HWE after Bonferroni correction for the individuals with offspring as detected in the fall surveys, while 13 of 18 loci were out of HWE after Bonferroni correction for individuals without offspring. F IS was higher for individuals without offspring (0.051) compared to individuals with offspring (0.006) (Table A. 14) . We then compared these parameters between individuals with higher and lower fitness levels. For higher fitness individuals, all loci were in HWE, while 2 of 18 loci were out of HWE after Bonferroni correction for lower fitness individuals (Table 1) . Lower fitness individuals were more related than expected under random mating (F IS ¼ 0.022), while higher fitness individuals were less related than expected under random mating (F IS ¼ À0.065). To determine if this difference in HWE and F IS could be produced by chance, 100 datasets were created by randomly extracting 18 individuals from the population and testing for deviations from HWE and F IS . The difference in HWE between higher fitness and lower fitness individuals was likely not due to chance alone, as all random datasets had 1 or more 1 loci out of HWE. Also, the average F IS calculated for all 100 datasets was positive (0.036), and only 2 of the 100 datasets produced average F IS values below that observed for the higher fitness individuals.
Discussion
The Tonquin, Maligne and Brazeau caribou subpopulations declined significantly over the 10-year study period. Although the methods used in this study differed from the work of DeCesare et al. (2010), there was an indication that adult survival rates have worsened and are well below the adult female survival rate of 85% (in the presence of 15% recruitment rate) needed to achieve population stability (Environment Canada, 2008) . As observed in the previous decade (from 2001 (from to 2009 (from , DeCesare et al., 2010 , the decline was best explained by low survival rates of adult caribou; recruitment rate was within the range of what is observed in other mountain subpopulations (DeCesare et al., 2012; Serrouya et al., 2017) . As in Wittmer et al. (2005) , we observed considerable temporal variation in adult female survival estimates between years and lower average adult survival rates of female than observed in other mountain caribou populations (4 ¼ 0.55e0.96); the total number of females having decreased to 21 individuals.
Our study also revealed significant differences in individual reproductive fitness levels in both males and females. Animals with higher fitness were also less inbred than expected under random mating, compared to animals with lower fitness levels. This was an unexpected result and suggests that inbreeding avoidance was present in some individuals. This has been observed in roe deer (Capreolus capreolus) where females performed long-distance movements or rearranged their home range during the rut as possible reproductive tactics to avoid breeding with closely related males (Biosa et al., 2015; Debeffe et al., 2014) . Inbreeding may however be unavoidable in small populations (Holand et al., 2007) or when background levels of relatedness are high (Brzeski et al., 2014) . As population size decreases, deleterious mutations can accumulate due to decreased efficiency of natural selection, and closed populations may shift towards homozygosity (Courtois et al., 2003) . However, several examples exist of isolated mammalian populations persisting despite low abundance and genetic variability, such as Newfoundland moose (Broders et al., 1999) , mouflon (Kaeuffer et al., 2007) , fox (Robinson et al., 2016) , and brown bear (Benazzo et al., 2017) populations, with populations persisting for thousands of years despite extremely small population sizes (Benazzo et al., 2017; Robinson et al., 2016) . The Jasper subpopulations do not show such resilience. Recognizing that we looked at change over a single generation, we still detected a reduction in the number of alleles and in heterozygosity that was more than the expected rate through genetic drift and possibly due to variability in the number of offspring per individual or the temporal fluctuations in numbers of breeding individuals (Allendorf, 1986) . Genetic rescue in natural populations has been documented to occur with only a few breeding adults (Hasselgren et al., 2018) ; however, there was limited connectivity between the Tonquin, Maligne and Brazeau subpopulations, with breeding among subpopulations having only occurred on two occasions over the 10-year study period (Fig. 4) .
Caribou populations of 50e300 animals are vulnerable to stochastic events and are at risk of quasi-extinction, and populations with fewer than 50 caribou are at a high risk of extinction (Environment Canada, 2008; Hayek et al., 2016) . Caribou populations with poor demographic conditions such as low calf recruitment rate and moderate adult female survival Fig. 4 . Pedigree-derived network of parent-offspring relationships for the higher fitness males and females. Node size corresponds to the number of offspring for each individual. Nodes for Brazeau shown in green, Tonquin in orange, Maligne in purple, and inferred individuals in white. Females shown in round nodes, males shown in square nodes, and unknown sex shown in triangular nodes. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) rate are at high risk regardless of their population size, and in populations with low adult female survival rate and low calf recruitment rate, no population size can eliminate the risk of extinction (Environment Canada, 2011) . DeCesare et al. (2010) estimated that after 20 years, only the Tonquin subpopulation would be extant, with the Brazeau and Maligne subpopulations estimated to become extirpated in 16 years (assuming fixed mean survival), or 14 and 8 years respectively assuming densitydependent survival (Allee effects). The current situation has significantly worsened for the three subpopulations, with lower population sizes, low survival rates and a small number of effective breeders. With population sizes below 50 individuals for all three subpopulations, all Jasper subpopulations are at high risk of imminent extirpation.
In summary, the non-invasive genetic sampling method we implemented over a relatively small temporal window has captured significant changes in population demographic and genetic parameters to inform on the dire status of the populations and the conservation of the species. The declining trend in population size and adult survival, the limited number of successful breeders, and low connectivity indicate that the three subpopulations are at high risk of extinction and not viable without management intervention (see also DeCesare et al., 2010) . Further, our results on the difference in reproductive fitness observed in males and females was significant and needs to be considered in future conservation efforts: specifically, that breeding capacity from derived pedigrees be characterized in potential relocation source populations or incorporated into population augmentation programs. Also, the limited connectivity among the Tonquin, Maligne and Brazeau subpopulations and neighbouring subpopulations, whether as a result of reduced densities or poor habitat quality, should be monitored and managed to sustain or enhance genetic diversity particularly following investments in relocation or augmentation initiatives. Ultimately, the long-term sustainability of these mountain caribou subpopulations is contingent on maintaining adequate habitat within and among subpopulations to allow for natural movements and connectivity to offset the inbreeding and associated impacts inferred from this study. 
